The myb -homologous p1 gene regulates the synthesis of flavonoid pigments in maize kernel pericarp and cob; these floral organs are greatly modified in size and shape compared with their counterparts in teosinte, the progenitor of maize. To elucidate the molecular evolution of the p1 gene in relation to its expression and possible functions in maize and teosinte, we have isolated a second maize gene ( p2 ) that is highly homologous with the p1 gene, and a related gene ( p2-t ) from Zea mays subsp parviglumis . We present evidence that the maize p1 and p2 genes were generated by duplication of an ancestral p gene ( p pre ) and its downstream sequences; the duplicated 3 Ј flanking sequences were inserted upstream of the p pre gene, thereby changing its transcription pattern. This model accounts for the structural organization and the observed differential expression of the p1 and p2 genes: p1 transcripts accumulate in kernel pericarp, cob, tassel glumes, and silk, whereas p2 transcripts are found in developing anther and silk. The duplication is estimated to have occurred 2.75 million years ago; subsequently, multiple retroelements have been inserted between the p1 and p2 genes. Our results demonstrate the evolution of a single gene into a compound locus containing two component genes with different tissue specificities. Expression of the p1 gene in the kernel pericarp may have provided a selective advantage during the evolution of maize kernel morphology.
INTRODUCTION
Eukaryotic genomes have been shaped to a large extent by gene duplications. Changes in ploidy are common in plants and give rise to immediate whole-genome duplications. Local gene duplications are commonly observed in genomic sequence analysis; for example, a 1.9-Mb stretch of Arabidopsis genomic sequence contains eight pairs of related genes, located adjacent to each other and in the same orientation (Bevan et al., 1998) . These local sequence repeats apparently are produced by segmental duplications of discreet chromosome intervals. By whatever mechanism they occur, duplications can have a fundamentally important role in evolution. A complete gene duplication produces two identical copies, which then may undergo one of several alternative fates. Both gene copies may retain their original function, enabling the organism to produce a greater quantity of RNA or proteins. Or one of the copies may retain the original function, whereas the other copy may mutate to a functionless state (pseudogene) or acquire mutations that generate a new function (neomorph) (Li and Graur, 1991) . Finally, one copy may retain the same coding sequence function but acquire new regulatory elements that specify a different pattern of expression. The latter process is best exemplified in the evolution of genes that regulate biosynthesis of flavonoid pigments in plants. In maize, anthocyanin biosynthesis is controlled by the combined function of two groups of regulatory genes: the c1/pl genes, which encode Myb-homologous transcriptional activators, and the r/b gene family, which encodes helix-loop-helix coactivators. Expression of these regulatory genes in different tissues produces distinct patterns of anthocyanin pigmentation in maize (Dooner et al., 1991) . The c1/pl and r/b gene families have each been proposed to be derived from ancient gene duplications (Chandler et al., 1989; Cone et al., 1993) , as evidenced by the conserved coding sequences and the exchangeable functions of different gene family members (Goff et al., 1990; Ludwig et al., 1990) . Furthermore, the r gene family includes other linked loci, such as the sn and lc genes, that confer additional distinct pigmentation patterns (Dooner and Kermicle, 1976; Ludwig et al., 1989; Tonelli et al., 1991) -diverse expression patterns that may reflect differences in expression elicited by different 5 Ј regulatory sequences. This idea has been confirmed in two alleles of the b gene by transformation analysis (Radicella et al., 1992; Selinger et al., 1998) .
In contrast to the multiple regulators of the anthocyanin pathway, the p1 gene is the only known regulatory gene required for biosynthesis of phlobaphene pigment in maize. The p1 gene encodes a Myb-like transcriptional activator (Grotewold et al., 1991a (Grotewold et al., , 1994 of the structural genes c2 , chi , and a1 , which encode chalcone synthase, chalcone isomerase, and dihydroflavonol reductase, respectively. The sequential function of these enzymes converts simple organic compounds to polyphenolic flavonoids, including red phlobaphene pigment (Styles and Ceska, 1977; Byrne et al., 1996) . The most notable pigmentation conferred by the p1 gene is in the kernel pericarp and cob; indeed, different p1 alleles are identified according to their pigmentation patterns in these two tissues. The P1-rr allele specifies red pericarp and red cob, P1-wr specifies white (colorless) pericarp and red cob, and P1-ww specifies white (colorless) pericarp and cob (Figure 1 ). Unlike the R-r gene, which has two independently mutable and separable components for seed color and plant color (Stadler and Neuffer, 1953) , a single coding sequence of P1-rr controls both pericarp and cob color (Athma and Peterson, 1991) . Although the P1-rr coding sequence is simplex, it is flanked on both the 5 Ј and 3 Ј sides by 5.2-kb direct repeat sequences (Athma and Peterson, 1991; Xiao et al., 2000) . These repeats do not resemble transposons in structure and are not bordered by the target site duplications that are normally generated by transposon insertion (Athma and Peterson, 1991) .
To clarify the origin of the unusual P1-rr gene structure, we isolated and characterized a highly homologous gene ( p2 ) located upstream of the P1-rr allele. We propose that the P1-rr and the p2 genes were formed by tandem (head to tail) duplication of an ancestral p gene ( p pre ) and its 3 Ј flanking sequence. As a result, the incipient P1-rr gene coding region was flanked by directly duplicated sequences. After this duplication event, multiple retroelement insertions separated the p1 and p2 genes. This model is supported by analysis of the sequences of the maize p1 and p2 genes, and an orthologous gene ( p2-t ) from teosinte, the progenitor (lower) . Note that the teosinte seed is enclosed within a cupulate fruitcase, whereas the kernels produced by the F 1 hybrid are partially exposed. of maize. In addition to duplicating the p coding sequences, the duplication event placed new regulatory sequences 5 Ј to the p1 gene. Thus, differential regulation of duplicated genes can arise as a direct consequence of their duplication. We show that consistent with this model, the p1 and p2 genes are differentially expressed in maize floral organs. The possible implication of p gene duplication in maize evolution is discussed.
RESULTS

Structural Comparison of p Gene Homologs
Maize contains a sequence highly homologous with, and tightly linked to, the P1-rr gene (Athma and Peterson, 1991; Das and Messing, 1994) . For example, a DNA gel blot of genomic P1-rr DNA probed with a fragment of the second intron of the maize P1-rr gene (probe 8B; Grotewold et al., 1991a ) detects a band of 3.7 kb, as expected, from the P1-rr gene and an additional 6-kb band ( Figure 2 , lane 1). On the same blot, genomic DNA from a P1-wr plant (lane 2) also gives a 6-kb band, in addition to an intensely hybridizing 3.7-kb band reflecting the sixfold tandem repeat of the p1 coding sequences in this allele (Chopra et al., 1998) . Moreover, the 6-kb band also is observed in an allele ( P1-ww-1112; Figure 2 , lane 3 ) in which the p1 coding sequence has been deleted as a result of recombination between the 5.2-kb repeats flanking the P1-rr gene (Athma and Peterson, 1991) . We cloned this p -homologous gene ( p2 ) from a maize stock homozygous for P1-ww-1112 (see Methods). The location and orientation of the p2 gene were deduced by analyzing the structure of an interstitial deletion, p-del2 , generated by a nonlinear transposition involving complete and partial Ac transposable elements inserted in the P1-rr gene (Zhang and Peterson, 1999) . In the p-del2 mutant, the 5 Ј region of the p2 gene is joined to the 3Ј portion of the P1-rr gene, indicating that the p2 gene is upstream of p1 and in the same transcriptional orientation.
To elucidate the origin of the maize p1/p2 complex, we surveyed by DNA gel blot hybridization ( Figure 2 ) the structures of p1 gene homologs in 10 diverse teosinte accessions, including Zea mays subsp parviglumis (lanes 4 and 5), Z. mays subsp mexicana (lanes 6 and 7), Z. diploperennis (lanes 8 and 9), Z. luxurians (lanes 10 and 11), and Z. mays subsp huehuetenangensis (lanes 12 and 13). The results indicate that the teosinte accessions tested here contain examples of both simple and complex sequences homologous with p1, and that this genic diversity can be seen even within a single teosinte subspecies, for example, mexicana (lanes 6 and 7). We then screened the same teosinte accessions for the presence of red/brown tassel glume margins ( Figures 1B and 1C) . In maize, tassel glume pigmentation is conferred by functional p1 alleles such as P1-rr and P1-wr. . We cloned this teosinte p gene homolog (termed p2-t) and compared its sequence with that of the maize p2 gene and with two alleles of the maize p1 gene, P1-rr and P1-wr ( Figure 3 ). All four genes have a similar exon/intron structure; moreover, the sequences of the 5Ј untranslated region (UTR) and the two introns of the four genes are Ͼ91% similar. The P1-rr and P1-wr alleles contain two insertions that are absent in both the maize p2 gene and the teosinte p2-t gene: a 80-bp insertion in the 5Ј UTR and a 734-bp insertion in intron 2 (Figure 3) .
The nucleotide sequence similarity in the open reading frame is 98% or greater among the four genes, up to a point of divergence near the 3Ј ends of the genes. In the P1-wr allele, a 210-bp fragment (fragment wr61) replaces a 660-bp fragment (fragment 14) that is present in the P1-rr allele. Following the wr61 fragment, P1-wr contains a 1-kb fragment (fragment C in Figure 3 ) that is absent from the P1-rr 3Ј end but present at the P1-rr 5Ј end ‫8ف‬ kb from the P1-rr transcription start site (Figure 3 ; Chopra et al., 1996) . In the 3Ј direction, the P1-rr and P1-wr alleles are 99% identical over DNA gel blot analysis of genomic DNAs digested with XbaI and hybridized with a maize P1-rr genomic fragment (probe 8B; Grotewold et al., 1991a 14, sorghum (y1) . In lane 1, maize P1-rr contains bands of 6 and 3.7 kb, derived from the p2 and p1 genes, respectively. In lane 2, maize P1-wr gives an intense 3.7-kb band resulting from the sixfold tandem repeat of p sequences in the P1-wr allele (Chopra et al., 1998) . In lane 3, maize P1-ww-1112 has a deletion of the 3.7-kb p1 gene band but retains the 6-kb p2 band. a 3.5-kb region that comprises fragments 15, 6, and 7A (Figure 3) . Chopra et al. (1996) previously proposed that the wr61 fragment of the P1-wr allele was replaced by fragment 14 during the generation of the P1-rr allele. The 3Ј flanking regions of both the teosinte p2-t gene and the maize p2 gene also contain the wr61 fragment in place of fragment 14. Moreover, the similarity of the teosinte p2-t gene to the maize P1-wr allele extends ‫5.3ف‬ kb further in the 3Ј direction, including fragments C, 15, and 6. These results support the hypothesis that the 3Ј region of the ancestral p gene was more similar to that of the maize P1-wr and teosinte p2-t genes, whereas the P1-rr allele was derived by later modifications (Chopra et al., 1996) .
In the 5Ј flanking regions, the maize P1-rr, P1-wr, and p2 genes and the teosinte p2-t gene all contain a 90-bp segment of 98% similarity located immediately upstream of the transcription start site and including the TATA box. Further in the 5Ј direction of this 90-bp segment, the P1-rr and P1-wr 5Ј flanking sequences are nearly identical (99.3% similarity over 5.2 kb). The P1-rr gene 5Ј flanking sequence is directly repeated 3Ј of the coding sequence ( Figure 3 ). In contrast, the maize p2 and teosinte p2-t genes are not flanked by direct repeats. The 5Ј flanking sequences of the maize p2 and teosinte p2-t genes share a 170-bp region of similarity (93%) and an additional 1-kb block of similarity (96%) located further in the 5Ј direction. The 170-bp and 1-kb regions of similarity are separated by nonhomologous sequence blocks of 2.6 and 120 bp in the maize p2 and teosinte p2-t genes, respectively. The maize p2 clone contains a region similar to retroelement Prem-2 (Turcich et al., 1996) located 3.9 kb 5Ј of the presumptive p2 transcription start site. In contrast, the teosinte p2-t gene contains a 3Ј long terminal repeat (LTR) of retroelement Prem-1 (Turcich and Mascarenhas, 1994), located ‫2ف‬ kb in the 5Ј direction of the transcription start site.
Maize p1, p2, and Teosinte p2-t Genes Have Distinct Expression Patterns
The maize p1 gene controls phlobaphene pigment accumulation in kernel pericarp, cob, and tassel glume, and the presence of P1-rr and P1-wr transcripts in pericarp and cob has been confirmed by RNA gel blot and reverse transcription-polymerase chain reaction (RT-PCR) analysis (Grotewold et al., 1991a; Chopra et al., 1996) . In contrast, the p2 gene does not induce detectable phlobaphene pigmentation, as evidenced by the absence of phlobaphene pigments in plants that contain p2 but lack p1 (Athma and Peterson, 1991; Athma et al., 1992) . As with the maize p2 gene, the teosinte p2-t gene does not induce pigmentation of maize kernel pericarp or cob, as shown by a test cross of a teosinte parviglumis p2-t line (Iltis 81-5) with a maize P1-ww line ( Figure 1G ). However, the tassel glume margin of the original teosinte Iltis 81-5 plant was pigmented slightly reddish brown, and this tassel glume pigmentation cosegregates with the teosinte p2-t gene in the test-cross progeny (see Methods). To examine the expression pattern of p1 and The bent arrow indicates the transcription start site of the P1-rr allele (Grotewold et al., 1991a) . Black boxes indicate exons, and gray boxes indicate two introns, 5Ј UTRs, and 90-bp conserved promoter sequences. Triangles indicate 80-and 734-bp insertions in the P1-rr and P1-wr leader and intron 2, respectively. The P1-rr gene coding region is flanked by 5.2-kb direct repeats indicated by horizontal arrows. Numbered boxes indicate the locations of p1 gene fragments described previously (Lechelt et al., 1989; Athma and Peterson, 1991; Chopra et al., 1996) and used here for homologous sequence comparison. Hatched and cross-hatched boxes indicate homologous sequences (Ͼ90%) in the p2 and p2-t genes. Sequences homologous with retroelements are indicated by triangles; angled lines on triangles indicate the absence of an LTR. In the P1-wr allele, a bent arrow at the 3Ј end indicates the transcription start of the downstream tandem p1 gene copy. To show structure, the drawing is not to scale. GenBank accession numbers for maize p2 and teosinte p2-t are AF210616 and AF210617, respectively. p2 transcripts, we used RT-PCR to amplify transcripts in kernel pericarp, tassel glume, silk, anther, and leaf. RNA samples from these tissues were reverse-transcribed, and the resulting first-strand cDNA preparations were PCRamplified by using primers EP5-8 and EP3-13 (see Methods) . This primer pair can amplify transcripts of both p1 and p2, producing a different size for each: The p1 gene product is 380 bp, whereas the p2 gene product is 300 bp because of an 80-bp deletion in the p2 5Ј UTR. Additionally, p2 gene transcripts were specifically amplified with primer P2-5, which matches the 5Ј UTR sequence of p2 but not p1. Figure 4 clearly shows that the maize p1 and p2 genes have distinct patterns of transcript accumulation. With RNAs isolated from P1-rr ( Figure 4B , lanes 1) pericarp or tassel glume, the primer pair EP 5-8 and EP 3-13 amplified only a 380-bp band, derived from P1-rr transcripts. In contrast, with RNA isolated from young anther, the same primer pair amplified only a 300-bp band, which corresponds to p2 transcripts. In silk, both p1 and p2 transcripts were detected ( Figure 4B ). Expression of the p2 gene was confirmed by using RNAs isolated from a maize line carrying the P1-ww-1112 allele ( Figure 4B , lanes 2), in which p1 is deleted but p2 is present. Additionally, RNAs from silk and young anther were amplified with the p2-specific primer pair P2-5 and EP 3-13 to produce a 240-bp p2 product in both the P1-rr and P1-ww-1112 genotypes ( Figure 4C ). As with the maize p2 gene, the teosinte p2-t gene also is expressed in silk and young anther, as indicated by RT-PCR of RNAs isolated from teosinte Iltis81-5: primers EP5-8/EP3-13 yield a 300-bp product ( Figure 4B , lanes 3), and primers P2-5/EP3-13 yield a 240-bp product ( Figure 4C, lanes 3) . Additionally, RT-PCR analysis of RNA from teosinte tassel glume, performed with primer pair EP5-8 plus EP3-13, produces a 300-bp band ( Figure 4B, lane 3) , which represents the p2-t transcript.
Conserved Functional Domains and Diverged C Termini of P Proteins
The deduced amino acid sequences of the maize p2 gene and the teosinte p2-t gene products were aligned with those of the P1-rr and P1-wr alleles of the maize p1 gene ( Figure  5 ). The Myb-homologous DNA binding domain and the putative transcriptional activation domain (Grotewold et al., 1991a (Grotewold et al., , 1994 are highly conserved in all four proteins. Outside of these two functional domains are several amino acid substitutions and insertion/deletion mutations. The most striking differences are found at the C termini of the P1-rr and P1-wr proteins compared with the p2 and p2-t proteins. The maize p2 and teosinte p2-t gene translation products diverge from that of the maize p1 gene shortly after the presumptive activation domain. However, their nucleotide sequences are 98 to 99% identical in the same region. The divergence in amino acid sequences reflects a reading frame difference caused by a single-base insertion/deletion between the p1 and p2 nucleotide sequences. The deduced RT-PCR analysis with primers EP5-8 and EP3-13, which amplify both p1 and p2 transcripts to generate products of 380 and 300 bp, respectively. Lanes 1, 2, and 3 use RNAs from maize P1-rr, maize P1-ww-1112, and teosinte parviglumis Iltis81-5, respectively. Lane 4 uses genomic DNA from P1-rr as a PCR control. RNA samples were prepared from the indicated organs. Neither p1 nor p2 transcripts were detected in the seedling leaf tissues tested here; however, more recent RT-PCR experiments have de-tected small amounts of p1 transcripts in leaf tissues (S.M. Cocciolone and T. Peterson, unpublished results) . The band in the teosinte leaf RNA lane visible on the ethidium-stained gel appeared to be a nonspecific RT-PCR product, given its very weak hybridization to a p-specific probe (not shown). The numbers at left denote the sizes of DNA molecular weight standards. Pc, pericarp; Tg, tassel glume. (C) RT-PCR analysis with primers P2-5 and EP3-13, which specifically amplify a 240-bp product derived from the p2 transcript. Lanes 1, 2, and 3 use RNAs prepared from the indicated organs of maize P1-rr, maize P1-ww-1112, and teosinte parviglumis Iltis81-5, respectively. The numbers at left denote the sizes of DNA molecular weight standards. The agarose gel containing RT-PCR products was blotted and hybridized with probe PMD, which detects the region amplified by PCR; the results (not shown) confirmed that the 240-bp band visible in the ethidium-stained gel is a p-specific PCR product.
p2 and teosinte p2-t proteins are shorter than both the P1-rr and P1-wr encoded proteins. Further C-terminal, beyond the region of comparison with p2, the P1-rr-and P1-wrencoded proteins differ from each other as reported previously (Chopra et al., 1996) .
An additional p gene homolog (teosinte clone 4) also was isolated during screening of the genomic library of Z. m. parviglumis. Genetic tests (see Methods) indicate that the clone 4 locus segregates independently of p2-t. Although the map position and function, if any, of the clone 4 gene are unknown, analysis of its nucleotide sequence provides some insights into p gene evolution. Teosinte clone 4 has greatest homology with p gene sequences in the exons (81 to 94%) and lower homology in the adjacent noncoding sequences (39 to 60% identity over sequenced regions); these results indicate that the teosinte clone 4 gene diverged before the duplication of the p1 and p2 genes. Interestingly, the teosinte clone 4 gene encodes a protein with a C-terminal sequence very similar to that of the maize p2 and teosinte p2-t genes but unlike that of the P1-rr and P1-wr genes ( Figure 5 , boxed sequences). A similar result is obtained by analysis of the y1 gene, a p gene homolog that controls phlobaphene pigmentation in sorghum pericarp (Chopra et al., 1999) ; the deduced Y1 protein C-terminal region is unlike that of P1 but contains blocks of amino acid sequences with high homology with the maize p2 gene product ( Figure 5, boxed sequences) . The simplest explanation for the similar C-terminal sequences of the proteins encoded by the maize p2, teosinte p2-t and clone 4, and sorghum y1 genes is that they share identity by descent from a common progenitor.
DISCUSSION
Duplication and Divergence of the Maize p1/p2 Genes: Evidence from Gene Structure and Sequence Comparisons
A current challenge in plant biology is to understand the generation of diversity in expression and coding potential associated with the presence of multiple copies of related genes in plant genomes. A favorable system for the analysis of functional diversity among repeated gene copies is found in the regulation of nonessential plant pigments. In maize, the p1 gene controls the synthesis of a red flavonoid pigment in floral organs, including kernel pericarp, the floral bracts of the cob, and tassel glumes (Figure 1) . We have isolated a second p gene (p2) from maize that is tightly linked to the p1 gene, as well as a single-copy p gene from teosinte (p2-t) that segregates as an allele of the maize p1/ p2 complex. Interestingly, the teosinte p2-t gene is more closely related to the maize p2 gene throughout 5Ј and 3Ј flanking regions as well as coding sequences. These results suggest that the maize p1 and p2 genes were generated by Amino acid sequences were deduced from the maize P1-rr, maize P1-wr, maize p2, teosinte parviglumis p2-t, teosinte parviglumis clone 4, and sorghum y1 nucleotide sequences. Amino acids of the Myb DNA binding domain and putative transcription activation domain are shown in boldface. Dots indicate identical residues; dashes indicate gaps. The C-terminal boxed regions contain blocks of amino acids conserved among the predicted protein products of the maize p2, teosinte p2-t, teosinte clone 4, and sorghum y1 genes. The P1-rr sequence reported here is derived from the P1-rr-4B2 allele (Grotewold et al., 1991b ) and differs at the C-terminal region from the previously reported P1-rr (Bloody Butcher) allele (Grotewold et al., 1991b) . The Y1 protein sequence is derived from sorghum genomic (Chopra et al., 1999) and cDNA (S. Chopra and T. Peterson, unpublished data) sequences. The alignments were created by using the Pileup program of Genetics Computer Group software, with subsequent adjustments by inspection to optimize alignments in the C-terminal regions. GenBank accession numbers are as follows: p2, AF210616; p2-t, AF210617; and clone 4, AF210618 and AF210619.
duplication of the coding sequence and 3Ј flanking region of an ancestral p gene. As shown in Figure 6 , the structure of the preduplication p gene (p pre ) most probably resembled that of the teosinte p2-t gene. We propose that the p pre gene contained the two 5Ј flanking sequence fragments (1 kp and 170 bp) common to the teosinte p2-t gene and the maize p2 gene (hatched box). The p pre gene also would have the conserved 90-bp promoter sequence (gray box) common among the teosinte p2-t gene, maize p2 gene, and P1-rr and P1-wr alleles of the maize p1 gene. The p pre gene 3Ј flanking region would resemble the 3Ј region of the P1-wr and p2-t genes and would contain fragment wr61, followed by fragment C and fragments 15, 6, 7A, and possibly 7B (see below). We propose that ‫01ف‬ kb of the progenitor p pre gene sequence, extending from the 5Ј end of the conserved 90-bp promoter sequence to the 3Ј end of fragment 7A where the 5.2-kb direct repeat sequence ends, was duplicated in a tandem head-to-tail arrangement. Once duplicated, the formerly 3Ј flanking sequences were inserted at the 5Ј side of the downstream gene, thus forming the p2 gene and p1 gene backbones. After this duplication, sequential retroelement insertions truncated the p2 3Ј flanking region and enlarged the region between the two duplicated genes (see below). Subsequent to the formation of the p1 backbone, some further rearrangements occurred in the P1-rr allele, most notably in the C-terminal region (Chopra et al., 1996) . Additionally, the extremely high sequence homology (99% at the nucleotide level) between the 5.2-kb repeats flanking the P1-rr gene suggests recent copy correction of these sequences. The P1-wr allele retains the basic p1 gene backbone with six tandem direct repeats of a 12.6-kb sequence; the 12.6-kb repeats are nearly identical, and each contains a single p1 gene coding sequence and its associated upstream regulatory sequences (Chopra et al., 1998) . The sixfold repetition of the P1-wr allele produces an intensely hybridizing band in genomic DNA gel blots (Figure 2 , lane 2). We proposed previously that the P1-wr amplification occurred after the domestication of modern maize, and possibly within the last 500 years (Chopra et al., 1998) . Interestingly, however, one accession of Z. diploperennis appears to contain a similar repetition of p1-homologous sequences (Figure 2, lane 9) , which may indicate that the P1-wr amplification occurred much earlier than previously thought. Alternatively, the p1 repetition in Z. diploperennis may result from an independent gene amplification event.
To estimate when the p1/p2 gene duplication occurred, we compared the p1 and p2 coding sequences, using the formula R ϭ K/2T (Li and Graur, 1991) , where K is the number of substitutions at synonymous sites (Nei and Gojobori, 1986) , R is the rate of substitution per synonymous site per year (estimated at 6 ϫ 10 Ϫ9 for grass nuclear genes; Gaut, 1998) , and T is time (years). According to this formula, p gene duplication occurred ‫57.2ف‬ million years ago, that is, long before maize was domesticated from Z. m. parviglumis ‫0057ف‬ years ago (Iltis, 1983; Doebley et al., 1984) . The single-copy p gene we isolated from teosinte parviglumis Iltis81-5 may have retained the original nonduplicated gene structure and evolved independently. Our genomic DNA gel blot data (Figure 2) indicate that both single-copy and duplicated p genes are present in various teosinte accessions. It The structure of the hypothetical p progenitor coding region (p pre ) is shown at the top, and the diagrams below denote the structures generated by tandem duplication and retroelement insertion. The structure of the extant p2/p1 complex is shown at the bottom, with a broken line indicating the uncloned region between fragments 61 and C. The hatched boxes denote the 5Ј regulatory sequences of the progenitor p pre gene and the extant p2 gene; the gray boxes indicate the 90-bp conserved promoter sequences; the horizontal arrows indicate the p gene coding sequences; and the numbered boxes indicate the identities of flanking sequences (cf. Figure 3) . The open triangle denotes the initial retroelement insertion between fragments 61 and C (cf. Figure 7) . The vertical dashed lines delimit the duplicated region of ‫01ف‬ kb. To show structure, the drawing is not to scale.
will be interesting to determine whether the duplicated genes in the other wild taxa have the 3Ј 1-bp frameshifting insertion that produces the distinct C-terminal region conserved among the p2-like genes ( Figure 5 ).
How the initial step of p gene duplication occurred is unclear. Transposable elements may have been involved in inducing rearrangements of gene flanking regions (Habu et al., 1997) . Tandem duplication also can occur by way of an unequal crossover in repeated sequences flanking a singlecopy gene. For example, an unequal crossover between two copies of a transposable element inserted on either side of the Drosophila Bar gene generates a tandem duplication associated with the Bar-B allele (Tsubota et al., 1989) . In maize, the formation of inverted duplicates of the S component (for seed pigmentation) of the R-r complex was associated with a dopia transposable element (Walker et al., 1995) . As shown in Figure 6 , the break point between the p1 and p2 duplications is expected to lie in the region delimited by the 3Ј end of the 5.2-kb direct repeat at position Ϫ1034 bp upstream of the p1 transcription start site and by the beginning of the 90-bp conserved promoter sequence at position Ϫ92 upstream of the p1 transcription start site. This 923-bp sequence (fragment 7B in Figure 6 ) contains a tRNA-like gene as well as several inverted and direct repeats that may be involved in the transcriptional regulation of the P1-rr promoter (Sidorenko et al., 1999 . However, no transposon-like sequences were detected in this sequence, and thus there is no evidence for involvement of transposable elements in the initial p gene duplication. Fragment 7B sequences may have been derived from the 3Ј flanking region of the ancestral p gene, as proposed in Figure 6 . However, because no sequences homologous with fragment 7B were identified downstream of the teosinte p2-t gene, the origin of the fragment 7B sequences is unclear at this time.
Retroelement Insertions in the p2/p1 Interval
The p2 gene 3Ј flanking sequence is similar to the p2-t and P1-wr sequences at 250 bp 3Ј of the translational stop (Figure 3) ; the homology ends 35 bp before the PstI site in fragment wr61 (Figure 7) . The homology is interrupted by a 540-bp sequence of unknown origin, followed further in the 3Ј direction by a Prem-2 element, a highly repetitive retroelement in maize (Turcich et al., 1996) . The Prem-2 insertion continues for 2.2 kb, at which point the p2 genomic clone ends. Interestingly, the homology with p2-t and P1-wr resumes upstream of the 5.2-kb 5Ј flanking sequence of P1-rr (Figure 7) . In P1-rr, 5Ј upstream of the homology break point is a 620-bp sequence of unknown origin (Figure 7) , followed further 5Ј by sequences homologous with the maize opie-2 retroelement (SanMiguel et al., 1996) . Thus, the p2 and P1-rr genes appear to have been separated by insertions of retroelements. The 540-and 620-bp sequences at the p2/p1 rearrangement break points are not homologous with known retroelements, but they may represent remnants of LTRs of an undefined retroelement. Retroelement LTRs commonly have short (4 to 12 bp) inverted repeats at their ends. For example, the yeast Ty retroelement family (Boeke, 1989) , Drosophila copia retroelement (Bingham and Zachar, 1989) , and maize retroelements (SanMiguel et al., 1996) all contain the sequences TGTTG and CAACA at the LTR ends. The 620-bp presumptive sequence next to the P1-rr gene 5Ј end terminates in CAACA, suggesting that this 620-bp sequence is derived from a retroelement LTR. More importantly, a 5-bp direct duplication (AAGAC) is found adjacent to the 540-and 620-bp segments at the 3Ј end of the p2 gene and the 5Ј end of the P1-rr gene, respectively (Figure 7) . Because retroelement insertions in maize are commonly flanked by 5-bp target site sequence duplications (SanMiguel et al., 1996) , the presence of a 5-bp duplication at the p2/p1 break point is a strong indication that retroelement insertions separated the two copies of the original tandemly (head-to-tail) duplicated p genes. In maize, retroelements are commonly found inserted into other retroelements, and occasionally within LTRs (SanMiguel et al., 1996) . Similarly, an unidentified retroelement could have inserted between the duplicated p2 and p1 genes, followed by subsequent insertions of other retroelements, including Prem-2 and Opie-2. The physical distance between the 3Ј end of p2 and the 5Ј end of P1-rr is not known. However, this interval does not contain any essential gene, as shown by the fact that plants homozygous for an interstitial deletion (p-del2) that removes this region are viable (J. Zhang and P. Zhang, unpublished observations). Possibly, the chromosome region between p2 and p1 may be composed entirely of retroelement sequences. These retroelement insertions would have necessarily occurred subsequent to the p2/p1 duplication ‫57.2ف‬ million years ago. This time range is consistent with a reported burst of retroelement activity in the maize genome within the last 3 million years (SanMiguel et al., 1998) .
Divergent Expression and Possible Functional Domains of the Maize P1, P2, and Teosinte P2-t Proteins
The proteins encoded by the maize p2 and teosinte p2-t genes are nearly identical to the P1 protein over the Myb DNA binding domain and the putative acidic transcriptional activation domain. This sequence conservation suggests that the functionality of the maize p2 and teosinte p2-t genes has been maintained by selection. However, the p2 gene does not confer phlobaphene pigmentation, as evidenced by the colorless pericarp, cob, and tassel glume phenotype of plants that lack p1 but retain p2. These phenotypes could reflect differential expression of the p2 and p1 genes. A direct outcome of the gene duplication postulated in Figure 6 is that the p1 gene acquired new 5Ј regulatory sequences. Indeed, regulatory elements in the P1-rr 5Ј flanking sequences have been identified by Ac insertional mutagenesis (Moreno et al., 1992) and promoter analysis in transiently and stably transformed maize (Sidorenko et al., 1999 Cocciolone et al., 2000) . The transcript expression profiles reported here confirm that the maize p1 and p2 genes have different patterns of expression: p1 transcripts are detected in pericarp and silk, whereas the maize p2 and teosinte p2-t gene transcripts are detected in anther and silk. Moreover, genetic cosegregation tests (see Methods) suggest that the teosinte p2-t gene probably regulates the production of reddish brown pigments in tassel glume margins ( Figure 1C ). This suggests that the protein encoded by p2-t is capable of conferring pigmentation as long as the gene is expressed in a tissue competent for phlobaphene accumulation. The lack of pigmentation in maize pericarp and cob glume is probably the result of the different tissuespecific expression pattern of the p2-t gene. Together, these results suggest that the p2-t protein, the p2 protein, and by extension the protein encoded by the progenitor p gene all have the potential to activate biosynthesis of phlobaphene pigment. Thus, the effective changes in the evolution of the p gene have been in the regulatory sequences, not in the coding sequences. A similar conclusion was reached in a previous study of the evolution of the anthocyanin regulatory gene c1 (Hanson et al., 1996) . The results here provide additional support for the hypothesis that key changes in plant evolution have occurred through changes in expression of transcriptional regulators (Doebley and Lukens, 1998) .
The characterization of p gene homologs in maize and teosinte raises the question of the possible function or functions of these genes in each plant. Tassel morphology ( Figures 1B and 1C) is similar in maize and teosinte, whereas the morphology of the female inflorescence (ear) differs ( Figures 1D to 1F ). In maize, the pericarp forms the tough outermost layer of the kernel and provides a protective barrier against pathogen infection (Johann, 1935) . Among 36 maize cultivars examined, pericarp thickness ranges from 5 to 22 cell layers (Tracy and Galinat, 1987) . In contrast, the teosinte seed is enclosed within a cupulate fruitcase formed from the rachis internode and a thick, indurated outer glume (Dorweiler et al., 1993) . The teosinte pericarp is only two or three cells thick (Tracy and Galinat, 1987) and is completely enclosed within the shell-like fruitcase ( Figure 1G ). Evolution of the maize kernel from teosinte was accompanied by marked kernel expansion, resulting in disruption of the fruitcase and exposure of the kernel on the ear (Dorweiler et al., 1993) . Kernel exposure also is observed in the F 1 hybrid of a cross of Z. m. parviglumis and maize (Figure 1G) . The changes in floral structure in the conversion of teosinte to maize probably necessitated the conversion of the pericarp from a rudimentary internal layer into a tough protective seed coat by way of increases in cell layer number, density, and cell wall thickness. Although the p1/p2 duplication described here occurred long before the evolution of maize from teosinte, activation of the p1 gene in the pericarp may have provided some important selective advantages at the time of conversion from encased to exposed kernels. First, synthesis of the deep-red phlobaphene pigments in the exposed pericarp would present an obvious subject for human selection of colored kernels. Second, production of flavonoids in the pericarp may have helped to protect the kernel from damage by UV irradiation (Stapleton 1992) , fungal infection (Snyder and Nicholson, 1990; Esele et al., 1993) , and insect feeding (Byrne et al., 1996) .
The p gene homologs analyzed here have highly conserved N-terminal regions, but the C-terminal regions are not equally conserved. The C-terminal regions of the proteins encoded by the maize p2, teosinte p2-t and clone 4, The p2/P1-rr break point sequences are aligned with the teosinte p2-t sequence (top) and the maize P1-wr sequence (bottom). The open arrowhead at the p2 gene 3Ј end indicates a 540-bp sequence that may be a partial 5Ј LTR of a undefined retroelement. The adjacent black arrowhead is a 5Ј LTR sequence of retroelement Prem-2 with the typical TGTTG terminal sequence. The open arrowhead at the 5Ј region of P1-rr indicates a presumptive partial retroelement 3Ј LTR, ending with the typical CAACA terminal sequence. The 5-bp sequence in boldface (AAGAC) is present once in the p2-t and P1-wr genes and is duplicated in the p2/P1-rr interval at the retroelement insertion end points. and the sorghum y1 genes share a conserved region of ‫001ف‬ amino acid residues (77 to 96% similarity at the amino acid level), and all four proteins end with an identical sevenresidue motif sequence (WLLSDSF; Figure 5 ). However, this conserved C-terminal region is absent from the p1 alleles (P1-rr and P1-wr) because of a frameshifting insertion/deletion mutation. The fact that the sorghum Y1 protein contains the conserved C-terminal domain strongly supports the idea that the maize p2 and teosinte p2-t genes, and not the P1-rr allele, more closely resemble the ancestral p gene. The extensive conservation of the C-terminal region of these proteins implies that this domain has a functional role. Analysis of the ability of the p2-encoded protein to activate transcription of flavonoid biosynthetic genes in transformed maize cell cultures (Grotewold et al., 1998) may provide clues to its function in the plant.
METHODS
Maize and Teosinte Genetic Stocks
The maize lines used in this study contained the following alleles: P1-rr-4B2, derived from P1-vv by excision of Ac (Grotewold et al., 1991b) ; P1-ww-1112, derived from P1-vv by Ac-induced deletion of the P1-rr coding sequence (Athma and Peterson, 1991) ; and P1-wr in the W23 inbred background (Chopra et al., 1996) . The maize p2 gene was cloned from a stock homozygous for the P1-ww-1112 allele. Teosinte stocks were obtained from Dr. John Doebley (University of Minnesota). The teosinte p2-t gene was isolated from Zea mays subsp parviglumis (accession Iltis81). In one plant from this line (30:81-5), genomic DNA gel blot hybridization with a maize P1-rr probe corresponding to the Myb-coding sequence (PMD [for P1-rr Myb domain]), or an intron 2 probe (fragment 8B; Grotewold et al., 1991a) , detected a single strongly hybridizing band in five different enzyme digestions. Additionally, 22 progeny plants from a single self-pollinated plant gave the same banding pattern as the parental plant (data not shown). These results indicate that the Iltis81-5 stock is homozygous for a single-copy p gene homolog. The Iltis81-5 stock was crossed with a maize P1-ww line containing the p2 gene (P1-ww-1112), and the F 1 plants were subsequently crossed to a second, structurally distinct, P1-ww line (P1-ww-4Co63). Among 46 progeny plants, 25 contained only the teosinte p gene band and 21 contained only the maize p2 gene band (data not shown). This ‫1:1ف‬ ratio, and the fact that no plants contained both the maize p2 and the teosinte p gene bands, indicates that the teosinte p gene (termed p2-t) and the maize p2 gene segregate as alleles in repulsion.
Genomic Library Construction and Screening
For isolation of the maize p2 gene, genomic DNA was prepared from leaves of plants homozygous for the P1-ww-1112 allele by using cetyltrimethylammonium bromide (CTAB) reagent (Saghai-Maroof et al., 1984) . Genomic DNA was partially digested with Sau3AI and then ligated to a partially filled-in XhoI site of FixII vector (Stratagene). Approximately 500,000 independent phage clones were screened with two probes of P1-rr gene coding regions, PMD and fragment 12.
PMD is a PCR fragment amplified from genomic P1-rr DNA using primers EP5-8 and EP3-13 located at the 5Ј end of P1-rr (Grotewold et al., 1991a) . P1-rr fragment 12 is a 1.2-kb BglII-SacI fragment covering parts of intron 2 and exon 3 of the P1-rr gene (Lechelt et al., 1989) . Clones that hybridized to both probes were selected; NotI fragments of the largest clone containing an ‫-02ف‬kb insert were subcloned into pBluescript SKϩ for sequencing. For isolation of the teosinte p2-t gene, a genomic library was prepared from a single plant of Z. m. parviglumis (accession Iltis81, plant 30:81-5) as described above; ‫000,008ف‬ clones were screened with P1-rr-derived probe PMD and P1-rr genomic fragments 13 (exon 3) and 15 (3Ј flanking region; Lechelt et al., 1989) . Clones that hybridized to all three probes were selected; SalI fragments from the largest clone containing an ‫-91ف‬kb insert were subcloned in pBluescript for sequencing. Plasmid subclones were sequenced with gene-specific primers and the Applied Biosystems (Foster City, CA) fluorescent sequencing system at the Iowa State University Nucleic Acid Facility.
RNA Isolation and Reverse Transcription-Polymerase Chain Reaction
Pericarps were dissected from kernels at 20 days after pollination, tassel glumes were dissected from tassels at anthesis, immature anthers were collected at early pollen development stage (between uninucleate and binucleate stages), and leaf samples were taken from three or four leaf seedlings. Samples were frozen in liquid nitrogen and ground in a mortar and pestle. Total RNA was extracted into Trizol reagent (Gibco BRL) and treated with DNase to remove residual genomic DNA. Aliquots of RNA (1 to 2 g) were reverse-transcribed by using Superscript reverse transcriptase (Gibco BRL) at 42ЊC. Reactions were primed with either oligo(dT) or EP3-12 (5Ј-AAGCTT-GAATTCGAGTTCCAGTAGTTCTTGATC-3Ј), the latter being homologous with p gene exon 3. Reactions were stopped by heating at 95ЊC for 5 min. The first-strand cDNA pool then was diluted fivefold in dH 2 O, and one-tenth of this was used in polymerase chain reaction (PCR) amplification. Primers EP5-8 (5Ј-ACGCGCGACCAGCTGCTA-ACCGTG-3Ј; homologous with the 5Ј untranslated region of the maize p1 gene) and EP3-13 (5Ј-AGGAATTCCGCCCGAAGGTAG-TTGATCC-3Ј; homologous with p1 exon 2) were used to amplify both the p1 and p2 transcripts. Primers P2-5 (5Ј-CTCGATTGGCGG-GACCAGC-3Ј; homologous with the maize p2 5Ј untranslated region) and EP3-13 were used to specifically amplify the maize p2 and the teosinte p2-t transcripts. PCR amplifications were performed in 1.5 mM MgCl 2 and 2% DMSO for the following cycle conditions: 94ЊC for 4 min, followed by 30 cycles at 94ЊC for 45 sec, 60ЊC for 1 min, and 72ЊC for 1 min, and a final extension for 10 min at 72ЊC. Reverse transcription (RT)-PCRs were repeated at least twice to verify the results. 
